Surface modification of polyimide films by oxygen/argon atmospheric pressure plasma (APP) was studied for copper metallization under several conditions, including plasma treatment time, gas ratio, and power of radio frequency (RF; 13.56 MHz) plasma. The effects of APP treatments on the surface properties of polyimide (PI) films were investigated in terms of Fourier-transform infrared (FT-IR) spectroscopy, atomic force microscopy (AFM), and contact angle measurements. The results showed that the root-mean-squared (RMS) roughness of untreated PI films was 1.48 nm, increasing to 2.08, 2.17, and 2.57 nm after plasma treatment at 200, 400, and 600 W, respectively. At the same time, the contact angle of untreated PI film was 73.0 and reduced to 25.9, 20.3, and 17.3 after plasma treatment at 200, 400, and 600 W, respectively. The lowest contact angle and the maximum RMS roughness were 13 and 8.50 nm, respectively. Those values were achieved by oxygen/argon APP at an RF plasma power of 600 W and with 50 repetitions. Also, X-ray diffraction (XRD) was used to examine the Cu surface structure in the Cu/PI system to indicate the quality of Cu foil. The highest Ið111Þ=Ið200Þ ratio was 1.89 at an RF power of 600 W by oxygen/argon APP treatment.
Introduction
Polyimide (PI) is used in the electronics industry as a material for flexible chip carriers because of its low cost and outstanding properties such as flame resistance, high upper working temperature (250-320 C), high tensile strength (70-150 MPa), and high dielectric strength (22 kV/mm). For this application, the PI must be metallized with copper to form the chip inter-connects, however, the poor adhesion properties of PI must be first overcome by wet-chemical or plasma-chemical processing. [1] [2] [3] [4] [5] [6] [7] Atmospheric-pressure plasma (APP) is a new technology for plasma surface treatments in ambient atmospheric, nonvacuum chambers. Nonthermal APP having temperatures of 50 to 200 C are used to enhance hydrophilicity and adhesiveness, and clean surfaces. High-energy electrons in the plasma produce ions and reactive species that interact with surfaces to modify their characteristics. Nonthermal APP systems have structures simpler than those of vacuum systems and are capable of continuous treatments in single step and simple processes. The AAP system is potentially one of the most suitable ways to improve wettability and as such, is very attractive given their high productivity and low costs. 1) In this study, APP surface treatment technology was used to improve the quality of Cu foil on PI film. In particular, the effects of the plasma treatment RF power and oxygen flow ratio were examined.
Experimental Procedure
All experiments were performed on 125 m thickness of PI (C 22 H 10 N 2 O 5 ) films (DuPontÔ Kapton Ò ). The commercial atmospheric-pressure plasma surface treatment system (PLASMART MINIPLASMA-station) was used for modification of surface functionalities. The APP system has simple dielectric barrier discharge (DBD) unit for plasma ignition. Sample stage was controlled to move from forward to backward by computer for repetition treatment. Moving distance, time, and speed can be controlled by installed computer. Moreover, this computer can control the gas flow rate and gas valve on/off. Also, the distance between DBD unit and sample stage was controlled by manual jack. The gases used for the plasma were Ar at fixed flow rate of 8000 sccm and O 2 with varying of O 2 flow rate from 0 to 100 sccm. Repetitions were from 10 to 50 times. Stroke was 20 mm. Also, moving speed was 10 mm/s. The treatment radio frequency (RF; 13.56 MHz) powers of plasma were varied from 200 to 600 W. After APP treatment, PIs were further coated with copper by a sputtering system at an Ar flow rate of 22.8 sccm, with a sputtering current of 0.9 A, a voltage of 201 V, and a sputtering time of 1 min at a pressure of 3:0 Â 10 À3 Torr. The thickness of the sputtered copper was 70 nm.
Surface treated PI films by O 2 APP were investigated by atomic force microscopy (AFM), contact angle measurement, and Fourier-transform infrared spectroscopy (FT-IR) for analysis of surface roughness, wettability, and chemical functional groups, respectively. The AFM was used in order to characterize the morphological changes in the plasmatreated PI surface by contact mode. Functional groups of plasma-treated PI film were investigated by attenuated total reflection (ATR) mode FT-IR. Wettability was investigated by water contact angle measurements with 5.0 L of deionized (DI) water. Moreover, DC magnetron sputterdeposited Cu films on a PI substrate were examined by Xray diffraction (XRD) analysis and AFM images. The XRD spectra were used to study the quality of Cu foil. Figure 1 shows a typical contact angle of the PI film under various O 2 APP treatments. Surface modifications were evaluated by the contact angle of DI water against the PI film as a function of the O 2 flow rates and plasma RF power from 200 to 600 W. The contact angle suddenly decreased when the O 2 APP was exposed to the PI film surface at an oxygen flow rate of 20 sccm. At that flow rate, each contact angle decreased from 73.0 for the untreated PI film to 31.3, 23.2, and 18.5 with 200, 400, and 600 W of RF power, respectively because higher RF power of plasma led to increase plasma bombardment effect. Moreover, the contact angle gradually decreased with increasing RF power. Additionally, the contact angle decreased until an oxygen flow rate of 40 sccm. However, the contact angle gradually increased with an increasing oxygen flow rate from 60 to 100 sccm. A strong deactivation of Ar Ã was occurred by collision with too much amount of oxygen molecule in Ar.
Results and Discussion
In the area of oxygen rich condition, Ar Ã cannot produce enough concentration of oxygen atom by dissociation. Thus, the surface cannot oxidize to realize the wettable surface, and then the contact angle is increased with increasing of oxygen concentration in the too much oxygen condition. Therefore contact angle can be increased by increasing oxygen flow rate. The decreases in contact angles revealed that the O 2 APP exposure renders the PI film surface hydrophilic, and that optimized hydrophilic modification is attained at an O 2 flow rate of 40 sccm and RF power of 600 W. The increase in the contact angle at high O 2 flow rates occurred because excessive treatment of PIs in oxygen APP increased chain scission, generating a boundary layer that is detrimental to surface wettability. 8) Figure 2 shows the AFM image of the surface treated PI film under various RF power at 40 sccm of oxygen. Figure 2 (e) shows the relationship between the contact angle and RMS roughness value of the APP-treated PI films. The root-mean-squared (RMS) roughness of the PI film was 1.477 nm. The RMS roughness values of the APP-treated PI film at powers of 200, 400, and 600 W increased to 2.084, 2.174, and 2.572 nm, respectively, while the contact angle was reduced from 73.0 (PI film) to 25.9, 20.3, and 17.3 at 200, 400, and 600 W of RF power, respectively. From these results, increasing the RMS roughness led to reduction in the contact angle because surface micro-roughness produces increased total surface area. Thus, the contact angle decreased with increasing RMS. This also indicates an increasing surface energy of plasma-treated PI film by RF power of the APP system. Figure 3 shows the roughness and contact angle change with repeated plasma treatments at 400 and 600 W of RF power. Each result shows that the contact angle decreased from 22.4 to 15.9 and from 18.2 to 13.1 , while the RMS roughness increased from 2.17 to 7.46 nm and from 2.57 to 8.50 nm upon repeated treatments (10 to 50 times), at 400 and 600 W of RF power, respectively. Surface roughness was increased by increasing plasma repetition times because increasing plasma repetition times led to increase plasma bombardment effect. Figure 4 shows the FT-IR ATR spectra of the O 2 APPtreated PI films at RF powers of 200, 400, and 600 W, with 10 repeats. The absorption bonds of the APP-treated PI film were analyzed by the FR-IR absorption spectra in the ATR mode over a range 4000-600 cm À1 , as shown in Fig. 4 . The IR spectra exhibited an absorption peak at 1780 cm
À1
corresponding to the C¼O (in phase) vibration band. On the other extreme, bands at 3200-3660, 1720, 1502, 1370, and 1100 cm À1 corresponded to OH, C¼O (out of phase), C¼C, C-N, and (OC) 2 NC vibration bands, respectively. Especially, the OH absorption band was largely increased by the O 2 APP treatment. These results show that the surface functional group of OH increased by APP treatment, without structural change in the PI film.
The uniform surface morphology of the Cu film deposition on the PI substrates was also observed by AFM, as shown in Fig. 5 . The PI surface roughness was increased by plasma treatment. However, the surface roughness of the Cu deposited on the PI was reduced by plasma effect. The oxygen/argon APP pre-treatment of PI film led to increase surface energy of PI. Thus, Cu was deposited on pre-treated PI with low roughness value. Moreover, surface roughness tends to decrease with increasing RF power, implying that particulate contaminants on the PI surface have been removed by treatment with O 2 plasma. 9 -11) Figure 6 shows the XRD peak intensity of the Ið111Þ= Ið200Þ ratio of Cu foil on PI. Growth of the Cu(111) plane was promoted when the Cu films were deposited using O 2 APP pre-treatment, compared with untreated PI. The ratio of Ið111Þ=Ið200Þ increased due to O 2 APP treatment. These results showed that the preferred orientation (111) was improved by O 2 plasma. In this study, the strength of the The (111) preferred growth of the Cu foil on PI was promoted by O 2 APP treatment.
Conclusions
In this study, surface properties of polyimide were investigated with the APP treatment technique by varying surface treatment time, power, and content of O 2 gas. From the AFM and contact angles, surface roughness and wettability of PI were increased by O 2 APP surface treatment. The RMS roughness values of the APP-treated PI film increased from the plasma bombardment effect. The decrease in contact angles revealed that the O 2 APP exposure renders the PI film surface hydrophilic, and that optimized hydrophilic modification is attained at an O 2 flow rate of 40 sccm and an RF power of 600 W. Analysis of the FT-IR spectra from the O 2 APP-treated PI films showed that reactive free radicals formed by APP treatments collided with the surface of the PIs, resulting in oxygen-containing functional groups. Surface roughening as well as formation of new functional groups by the APP treatment contributed to the decrease in the measured contact angles. These results indicate that APP treatment is an effective method for polymer surface modification in copper metallization. Increasing the Ið111Þ=Ið200Þ ratio of Cu foil indicates increasing the quality of Cu foil. The (111) preferred growth of Cu foil on PI was promoted by the O 2 APP treatment.
